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1. RESEARCH OBJECTIVES 
Although the cataKtic hydrogenation of carbon monoxide has been a subject of 
considerable investigation for many years, its increasing economical attractiveness as an 
industrial source of hydrocarbons has recently led to a search for more active and selectiv e 
catalysts. A fundamental problem in the development of such catalysts is an incomplete 
knowledge of the operative surface processes, due in large part to the inability to accurately 
measure surface concentrations of reactant species during reaction. Specifically, the 
concentration of surface hydrogen proves difficult to estimate using normally revealing 
techniques such as transient isotopic e.xchange due to kinetic isotope effects. Knowledge of 
such concentrations is essential to the determination of the mechanisms of adsorption and 
reaction, since many kinetic parameters are concentration dependent. 
It is the aim of this research to investigate the mechanism and kinetics of the 
adsorption and reaction of hydrogen on silica-supported ruthenium and silver-ruthenium 
catalysts during the hydrogenation of carbon monoxide. The specific activity of ruthenium in 
Group IB-ruthenium bimetallic catalysts is known to decrease dramaticalh' upon addition of 
the Group IB metal, even though these metals do not directly adsorb or react with hydrogen 
or carbon monoxide. Since silver is known to selectively occupy low-coordination sites in 
silver-ruthenium bimetallic systems, it can be used as a tool to block these sites from 
adsorption and reaction. In this way. any differences between the kinetics of processes 
occurring at these sites can be resolved. The mechanism of this synergistic effect will be 
elucidated in terms of a "portal site mediated adsorption" model. Previous work by our 
group has proposed that hydrogen adsorption occurs via a mechanism where low-
coordination "portal" sites on the catalyst serve as locations for rapid, dissociative adsorption 
of hydrogen to supply the surface with hydrogen for reaction with carbon monoxide. 
By preadsorbing carbon monoxide onto the surface of ruthenium and silver-ruthenium 
catalysts, the kinetics of hydrogen adsorption and reaction can be monitored upon exposure 
of this surface to ambient hydrogen gas. This is accomplished by conducting identical 
experiments on two separate systems. First, the formation of methane is monitored using 
mass spectroscopy, and specific reaction rates and apparent activation energies are measured. 
Next, in situ 'H-NMR is used to monitor the amount of hydrogen present on the catalyst 
surface during adsorption and reaction. The results for these two sets of experiments are then 
combined to show a correlation between the rate of reaction and the surface hydrogen 
concentration. Finally, transition state theor\' is applied to this system and is used to explain 
the observed change in the apparent activation energy. The structure sensitivity of hydrogen 
adsorption on ruthenium is then elucidated by comparison of these results with differential 
heals of hydrogen adsorption data for the two systems. 
The importance of this work carmot be overemphasized. For the first reported time, 
measurement of surface hydrogen concentrations during reaction has given new insight into 
the kinetics and mechanisms of adsorption and reaction of hydrogen on supported metal 
catalysts. The results of this study support a new model for hydrogen adsorption on these 
catalysts which may prove applicable to other systems. Since hydrogen is one of the most 
3  
widely used reactant species in industrial cataiyiic processes, the implications of this work 
are far reaching and of great significance to applied research in this area. 
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2. INTRODUCTION 
Since Sabatier and Senderens [1] first produced methane by reacting hydrogen and 
carbon monoxide over a nickel catalyst in 1902. the catalytic hydrogenation of carbon 
monoxide over the Group VIII transition metals (Fe. Co. Ni. Ru. Rh. Pd. Os. Ir. Pt) has been 
an area of increasing focused research for nearly a century. Fischer and Tropsch [2] reported 
on the synthesis of higher hydrocarbons using iron and cobalt catalysts in 1923. and today the 
term Fischer-Tropsch synthesis is reserved for processes which produce Ci and higher 
hydrocarbons (usually linear alkanes and alkenes) and/or oxygenates (usually ^-alcohols), as 
opposed to methanation processes, where methane is the primar\^ product. While the two 
processes often occur separately in industry and are sometimes treated separately in literature, 
they are intimately linked due to the fact that both processes depend strongly on interactions 
between similar catalyst surfaces, reactants and adsorbed intermediates. 
Fischer-Tropsch synthesis (FTS) is the only existing major alternative to petroleum 
and natural gas as a source for liquid hydrocarbon petrochemicals. Because the volumetric 
energy content of such liquids is significantly greater than gaseous hydrocarbons, and 
because their combustion produces less pollution than solid fuels, their importance in 
industry cannot be overstated [3]. .At present, industrial FTS processes are the third largest 
consumer of syngcis [4], As coal gasification technologies and steam reforming process for 
natural gas become more advanced, the use of syngas as a source of carbon monoxide and 
hydrogen for FTS is becoming increasingly economically feasible. Currently, it is estimated 
that coal and natural gas reserves outweigh those of crude oil by 9:1 [5]. The waxes 
produced from FTS are used in many industries, do not contain aromatic, nitrogen or sulfur 
impurities, and are well regarded for their high quality and stabilit\' [6]. 
BASF first patented high-pressure CO hydrogenation in 1913 and constructed the first 
industrial FTS plant in 1935 in Germany [4]. In the United States. Hydrocarbon Research 
briefly operated a FTS plant in Texas in 1950 [5]. Beginning in 1955. the South African 
Sasol plants were the only major producers of hydrocarbons via FTS for many years, with a 
total capacity of about 4 million tons annually [7]. until more recently, when several new 
FTS facilities have come on-line. These include a Mobil MTG unit in New Zealand (1985) 
which produces methanol and high-octane gasoline, a South African Mossgas (1992) 
gasoline and diesel fuel production facilit\'. Shell's Malaysian MDS (middle distillate 
synthesis) plant (1993) for high-quality diesel fuels and wa.xes. and a new Mossgas plant in 
South Africa (1996) [5. 8], In addition. Sasol recently patented a new sluny bubble-column 
reactor (1994). and both Sasol and Exxon are currently conducting feasibilit>- studies in Qatar 
to process offshore gas reserves [9]. The market is even expanding enough to allow smaller 
companies to enter, such as the Oklahoma based Syntroleum. that has developed and licensed 
a new FTS process to Marathon and Texaco (1997). and Rentech. a Colorado company that is 
currently licensing its process to Texaco and constructing a FTS facility in India. 
The approach of companies who are developing Fischer-Tropsch process is two-fold, 
simultaneously examining new process designs while incorporating novel catalyst to target 
specific products. While the exact composition of the catalysts used in these industrial 
facilities are proprietary, all contain iron, cobalt or a combination of the two metals, often 
6  
with promoters to increase the selectivity of a particular product. Clearly, the resurgence of 
Fischer-Tropsch synthesis in industry' is an indicator of the increasing viability of this process 
as more advanced catalysts and techniques make production of hydrocarbons via this route 
more economically attractive. 
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3. HYDROGENATION OF CARBON MONOXIDE 
Several authors have written excellent reviews in recent years of the catalytic 
hydrogenation of CO. Among these are the summaries of kinetic information by Vannice 
[10] in 1976 and Wojciechowski [11] in 1988. and the mechanistic review of Biloen and 
Sachtler [3] in 1981. which includes a lengthy discussion on the hydrogenation of deposited 
surface carbon, a technique employed in this study. More recently. Topics in Catalysis 
dedicated an entire issue [12] to industrial hydrocarbon production, and Adesina [8] reviewed 
catalyst design, reaction kinetics and mechanisms, and industrial reactor development. In 
addition, there have been recent general reviews on the Fischer-Tropsch synthesis by Dr\- [5] 
and Bartholomew [13] and on reactions of syngas by Wender [4] Mr>re relevant to the 
present study. Somorjai [14] reviewed the catalvtic synthesis of methane and methanol via 
CO hydrogenation. 
In general, the Group VIII transition metals and their oxides are good hydrogenation 
catalysts, and the modem work of Vannice [15] shows that the metals used by early 
researchers as catalysts were good choices. Varmice measured the activity of the Group VIII 
transition metals (except osmium) towards CO hydrogenation to methane as decreasing in the 
order: 
Ru > Fe > Ni > Co > Rh > Pd > Pt > Ir 
This trend is reflected in these catalysts' selectivity toward higher hydrocarbons, with the 
average carbon number decreasing similarly: 
Ru > Fe > Co > Rh > Ni > Ir > Pt > Pd 
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The major drawback for ruthenium as a commercial FTS catalyst is its cost compared to Fe 
or Co. although there have been promising tests of its use in FTS and ammonia synthesis 
reactors. Accordingly, commercial processes utilize iron and cobalt catalysts for FTS. with 
nickel serving as a methanation catalyst. In addition to their low cost and ability to produce 
high carbon number products, iron and cobalt catalysts do not form large amounts of 
oxygenated hydrocarbons, and they have low activities towards the water-gas shift reaction. 
Cobalt has the advantages of requiring lower reactor pressures and. unlike iron, deactivating 
elemental carbon does not deposit on the surface during reaction. In addition, the selectivity 
of cobalt toward straight-chain hydrocarbons is higher. 
Nevertheless, the importance of ruthenium as a model stulace for studying its 
exceptional properties has made it the subject of substantial investigation, especially in recent 
years [6. 16-18], .A.s the most active Group VIII transition metal, ruthenium is active at 
temperatures as low as 373K. produces the largest hydrocarbons, does not form oxide phases 
with catalyst supports [19] and provides researchers with simple product distributions. In 
addition, under most conditions, inactive carbide formation does not occur on the metal 
surface. Perhaps most importantly, carbon monoxide dissociates easily and at lower 
temperatures than other active Group VIII metals, resulting in ver>' low oxygenate formation 
compared to Os. Rh. Ir. Pd and Pt. on which carbon monoxide does not usually dissociati\ ely 
adsorb [14. 20]. 
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3.1 Mechanism and Kinetics 
3.1.1 Fischer-Tropsch Synthesis 
The mechanism of carbon monoxide hydrogenation consists of five primarv' steps: 
reactant adsorption, chain initiation, chain growth, chain termination and product desorption. 
Most frequently, these steps are commonly proposed to occur via tlve types of mechanisms, 
which differ primarily in the nature of the proposed intermediate species present on the 
catalysts during reaction: surface carbide, enolic intermediate. CO-insertion. alkoxy 
intermediate, and combination mechanisms. In recent years, combination mechanisms which 
utilize a carbidic intermediate surface species coupled with CO-insertion seem to be gaining 
the most support. Mechanisms proposed by Dr\- [5. 7. 21 ] and Somorjai [14] meet these 
requirements, and are examples of "flexible" mechanisms that can explain the behavior of a 
variety of catalyst surfaces. Dry's mechanism [5] is given below: 
- adsorption and dissociation 
CO <-> \f-CO M-C - \f-0 
H2 2 M-H 
- initiation 
.Vf-C + .Vf-H M-CH + \[-H -» M-CH: 
- propagation 
: M-CHj M-CH-CHs .VI-CH-CH2-R 
and/or 
2 \4-CH2 M-CH-R + >/-C(9  ^\f-C(CH-R)-0-M + 2 H2 M-CH-CH2-R ^ H2O 
1 0  
- termination 
M-CH-CH2-R ^ CH:=CH-R 
.U-CH-CHz-R - 2 CHiCHz-R 
M-CH-CH2-R - .VZ-O R-CHjCHO-M - .Vf-OH -> R-CH2COOH 
.U-CH-CH2-R ~ 2 .W-H - .VI-C02 ^ R-CH2CH2COOH 
and/or 
Xf-ClCH-RhO-M - i -• R-CH2CHO 
\I-C(CH-R)-0-M - 2 H2^ R=CH2 
M-dCH-RhO-M - .V/-0// - >/-<-; R-CH2COOH 
Methane can form at any time during the course of chain propagation if hydrogen is present 
in sufficient surface concentrations to completely hydrogenate a surface carbon species: 
\I-CH2 - M-H-^ M-CHj - M-H -> CH4 
While methane is the thermodynamically favored product under all conditions, the ability to 
suppress this reaction in favor of chain growth is the hallmark of a good Fischer-Tropsch 
catalyst. In the absence of gas phase CO. as in CO preadsorption techniques, methane is 
formed almost exclusively [3]. 
Depending on the catalyst used, not all steps necessarily take place on the surface [8]. 
as the energetics of surface adsorption and dissociation vary not only from one metal to 
another, but from one surface face to another. In addition, the reactions shown are not 
necessarily the only ones that can occur on the catalyst surface. For example, a side reaction 
has been seen on nickel at 600 K. when Rabo [22] reacted activated carbon with water: 
2 .V/-C* ^ 2 H2O -)• CO2 ^ CH4 
Other common side reactions include the water-gas shift reaction. 
I I  
CO + H2O <-> CO2 ^ Hz 
(a beneficial reaction in hydrogen-poor feedstock), the Boudouard disproportionation. 
2 CO -> C + CO: 
and high-temperature, deactivating coke deposition 
H: ~ CO -> C - H2O 
The extent to which these side reactions occur can be controlled to some extent by catalyst 
selection, the use of promoters, and operating conditions. For ruthenium catalysts, the water-
gas shift reaction does not usually occur to a significant extent, and coke deposition is much 
less than for any other metal, probably due to the ease of CO dissociation on Ru. 
An interesting result of kinetic analysis of the FTS mechanism is that often the same 
governing equation results from different mechanistic derivations. Two forms of rate 
equations are generally agreed to accurately describe the kinetics on FTS and methanation 
catalysts. .A. power rate law for the rate of CO consumption, rco. can be expressed as 
follows: 
'•CO = k Pfi, 1^0 <'! 
where k is the rate constant. P is the partial pressure of HT or CO. and a and P are the 
reaction orders of HT and CO. respectively. The Langmuir-Hinshelwood (LH) relation 
supports the generally accepted opinion that the rate-determining step is bimolecular [8]: 
1 2  
where a and b are the Ht and CO molecularities of the rate determining step, c/ and t// are 
their surface coverage constants for the ith term in a mechanism consisting of n steps, and Kj 
is the equilibrium adsorption constant for that step. General observations for the parameters 
in these expressions show that the rate is generally positively related to partial pressure 
and that the CO dependence varies from -1 to 0.5. depending on the H2;CO ratio. In fact, 
several models fit kinetic observations, and the fact that the variation in hydrogen reaction 
order in the LH expression is independent of the rate-determining step can be attributed to the 
weakness of hydrogen adsorption compared to that of carbon monoxide [3]. 
However, these equations reflect an underlying problem in the development of kinetic 
expressions, where macroscopic parameters such as partial pressures are used to describe 
processes which involve microscopic processes such as adsorption, dissociation and surface 
diffiision. This is primarily due to that fact that many microscopic parameters, such as 
surface species coverages on the catalyst, are difficult to measure diu^ing reaction. Therefore, 
researchers are forced to either estimate such parameters, or relate the rate to macroscopic 
parameters. Such is the case for steady-state isotopic transient kinetic analysis (SSITKA) 
studies, where kinetic isotope effects do not allow accurate calculation of hydrogen coverages 
diuing reaction. 
3.1.2 .Vfethanation 
For the present discussion, an approach similar to that of Alstrup [23] for methanation 
over nickel is used to develop a "microkinetic" model of the hydrogenation of carbon 
monoxide to methane. First, the following assumptions are made: 
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1. under experimental conditions of low conversion, reactions involving CO^ are not 
important; 
2. knowledge of sticking probabilities for and CO reveal that their rates of 
adsorption are usually rapid compared to methane formation [24]; 
3. the formation and desorption of HiO from adsorbed oxygen is also rapid, and so 
CO dissociation is assumed to be irreversible; 
4. under conditions of low conversion and small methane partial pressures, the 
formation and desorption of methane is also assumed to be rapid and 
irreversible. 
Note that the second assumption, for rapid hydrogen adsorption, may not be satisfied under 
certain conditions, and if this is the case, the etTect will be evident in the subsequent kinetic 
analysis. This leads to the following simplified reaction sequence: 
2  V f  -  H :  2  V f - H  
.VI ^ CO ^ M-CO 
M-CO ~ - .\4-() 
VI-O ' 2 M-H ->• H2O ~ 3 M 
M-CH ~ M-H M-CH: -> ^  CH4 
with the common assumption that the rate-limiting step is the hydrogenation of surface 
carbon species: 
M-CO - M-H ->• M-CH + M-0 
in which the series of reactions leading to methane are assumed to occur at the same rate 
under the steady-state approximation. The rate of reaction may then be written as: 
rate = k 0f{ Oco (3) 
1 4  
where k is the intrinsic rate constant of the surface reaction and 0, is the surface coverage of 
hydrogen or carbon monoxide. This result is quite similar to a simplified reaction sequence 
for methanation. reflective of the overall kinetics of the reaction, derived by Biloen and 
Sachtler [3]. As the authors note, their model is identical to that of Vannice [15] if it is 
assumed that C^js. instead of CHOHajj. is the dominant intermediate on the surface. 
Goodwin et. al. [25] also presents a similar mechanism for methanation over Ru/Si02. 
For dissociative hydrogen adsorption, the hydrogen coverage is given by; 
Q 
—; ~i7^ { + { K H P H )  ~  ^  ^ C O ^ C O  
where Ki is the steady-state equilibrium constant for either hydrogen or carbon monoxide. 
and Pj is the partial pressure of the same species. For molecular adsorption of carbon 
monoxide, the coverage is: 
n ^cqPCO 
" C O - — ;  
\  +  { K ^ P f ^ )  ~  +  K c q P C O  
Equation 3 can now be expressed in terms of the equilibrium constants and partial pressures 
of the reactants: 
rate = ^ 
\  +  { K H P H ^  ~  ^  f ^ c o ^ c o  
Note that although the derivation of equation 6 has resulted in the loss of parameters that are 
specific to this "microkinetic" model (such as the surface species coverages in equation 3). 
both forms of the rate equation, equation 3 and equation 6. will be utilized in the 
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interpretation of results. Also, the fact that equation 6 contains the equilibrium constant for 
hydrogen adsorption allows for alterations in the second assumption for rapid hydrogen 
adsorption compared to product formation. Therefore, any changes in the kinetics of 
hydrogen adsorption will be manifested in the equilibrium constant and quantities related to 
it. 
3.1.3 Transition State Theory 
In processes where the kinetics of adsorption may intluence reaction rates, transition 
state theory (TST) can be used to show the relationship between observed, or apparent, 
activation energies and heats of adsoprtion of reactants. The use of transition state iheor\' is 
necessary' in order to relate properties of the transition state activated comple.x. such as the 
activation energy, vvith rale parameters for the overall process. 
-According to TST. the rate constant k for a reaction can be expressed in terms of a 
pseudo equilibrium constant. A."' between the reacting species and the transition state 
activated comple.x [26J: 
where kharner- the number of transition state molecules reacting per unit time, is defined as: 
where ^'and h are Boltzmann's and Planck's constants, respectively and T is the absolute 
temperature. The pseudo equilibrium constant. K". is related to the usual thermodynamic 
state functions by: 
harrier (7) 
harrier ( 8 )  
= -RT\nK" = AH° - TAS° (9) 
1 6  
where the thermodynamic variables represent the difference of the state functions between 
the activated complex and reactants referenced to a particular, common ground state. 
Equation (7) can now be expressed as: 
, k'T K = exp [ A//° ] 
, R J 
expj 
RT , 
( 10 )  
Differentiation of the logarithm of this equation at constant pressure detines the activation 
energy. for the process under consideration and yields the following expression [261; 
( c l n ^ ^  
I dT 
^ Eg 
RT-
+ RT 
( 1 1 )  
RT-
Therefore. ~ RT. and: 
k = \ek'T •exp 
R 
exp -
RT 
( 1 2 )  
The utility of this result for the interpretation of the kinetic data from this study will be made 
clear in later sections. See Amdur and Hammes [26]. Moulijn [27] and Boudart [28] for 
more lengthy discussions and detailed derivations. 
3.2 .Adsorption of Carbon Monoxide 
As mentioned ezirlier. the key to many of the differences seen in catalyst activities and 
product distributions during FTS is believed to stem from the adsorption and dissociation 
behavior of carbon monoxide on the surface. While the kinetics of this process are not 
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important to this study, knowledge of the mechanism and resulting carbon-to-metai ratio is 
necessary for the kinetic analysis. 
Cjirbon monoxide can adsorb onto metal surfaces in a variety- of configurations, but in 
general the carbon atom bonds to metal surface with the C-0 bond perpendicular to the 
surface [29]. Dissociative chemisorption occurs on metals which can assist electron donation 
into the CO 2-it* antibonding orbital [8] (back-bonding), so whether CO adsorbs molecularly 
or dissociatively depends on the location of the metal of interest on the periodic table [14] 
and on the temperature of the metal surface. .Metals on which CO is typically dissociatively 
adsorbed include Fe. Ru. Co [30-32]. while CO is molecularly adsorbed on Os. Ir. Pd and Pt 
[14. 20]. Depending on conditions, both types of adsorption can occur on Rh and Ni [33-34j. 
Regardless of the form in which the surface carbon exists, hydrogenation can occur w ith both 
species. It was the results of UPS and XPS studies [35] which showed that CO dissociation 
can occur on most transition metals that first led to the proposal of carbidic intermediates 
during FTS by Joyner [36] in 1977. 
Catal\iic activity is higher on surfaces where CO dissociates, as evident from the 
activity series of Varmice [15] presented earlier. Thus, it should not be surprising that CO 
adsorption on ruthenium is quite strong, and occurs molecularly only at temperatures near 
and below 300 K [4]. Linear and/or multiple-bonded forms of adsorbed CO exist, resulting 
in values of the number of CO molecules per metal atom from 0.4 to 2.3 [37. 38]. Bridge-
bonded CO is more likely to rupture than linear CO because the linear M-C-O bond must be 
deformed more for the O atom to interact with the surface [39]. Gem-dicarbonyl (C;M = 2:1) 
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and other multicarbonyls (C:M = 2:1 to 3:1) have also been identified on dispersed particles, 
but their existence is not necessary for dissociation, since this is known to occur on single 
crystal surfaces [14], Thus, for adsorption on ruthenium at room temperature, it is likely that 
linear species are predominant, with a 1; I Ru-to-CO ratio. Recently. Gupta [40] also 
reported a 1:1 ratio over Ru/TiOn catalysts. 
Somoijai [14] lists several other factors which are important experimental 
considerations for this study; first, it is not known what type of bonding site is likely to lead 
to dissociation during reaction conditions: for the more active metals at 300 K and higher. 
CO desorbs from some crystal faces and dissociates on others: and activated carbon species 
can deposit as unreactive graphite above 700 K.. .-Mso. Yamada and Tamaru [41 ] have 
reported desorption of CO from Ru (0001) and Ru (21122") single cr\'stal surfaces around 
480K:. 
3.3 Adsorption of Hydrogen 
The adsorption of hydrogen on ruthenium at low pressures has been a subject of 
considerable research [42]. while several higher pressure studies have been conducted by our 
research group [43-52]. The dissociative adsorption of hydrogen usually occurs in a 1:1 
metal-to-hydrogen ratio, although 'H-NMR results have revealed that coverages far in e.xcess 
of this value are common on ruthenium catalysts at higher pressures [43]. Two types of 
chemisorbed hydrogen have been identified by FTIR [53] and 'H-NMR [49]. and are referred 
to as weakly (or reversibly) and strongly (or irreversibly) bound hydrogen. The weakly 
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bound hydrogen is known to exchange rapidly with the gas phase and the support [43]. and to 
be highly mobile [44], There is believed to be a stronger interaction between adsorbed 
hydrogen and low-coordination edge and comer "defect-like" sites on ruthenium particles, 
and the weakh" bound hydrogen was found to be at least partially associated with these sites 
[49], In addition, spillover to the suppon has been found to be substantial at higher pressures 
[48]. 
3.4 Coadsorption of Hydrogen and Carbon .Monoxide 
WTien hydrogen and carbon monoxide are either coadsorbed or sequentially adsorbed 
onto a surface, the following general phenomena have been noted [27]: 
1. displacement of adsorbed H by CO: 
2. blocking of H adsorption by preadsorbed CO: 
3. segregation of adsorbed H and CO; 
4. formation of mi.xed layers of adsorbed H and CO: 
5. decrease in the desorption temperature of H; and 
6. enhancement of CO uptake by preadsorbed H. 
Recently, several of these observ ations have been confirmed for polycn- stalline Ru and 
Ru/TiO- by Gupta and coworkers [40. 54-55]. with coadsorbed CO and Hi occurring on 
distinct Ru sites in a 1:1 ratio. The interaction of adsorbed CO and H on ruthenium is 
facilitated b}- empty, low-lying d valence orbitals. a condition which also favors CO 
dissociation. For these reasons, the reactivity of Ru towards FTS should not be surprising. 
20 
3.5 Surface Structure Sensitivit\' 
3. j. I Reaction Sensitivity 
It is important to mention the role that surface structure sensitivity plays in the 
analysis and interpretation of the data gathered in this work. In general. CO hydrogenation is 
considered to be structure insensitive [13. 56]: that is. the reaction rate is independent of the 
arrangement of surface atoms, metal particle size and support used. For this reason, it is 
assumed that each surface atom in this study represents an active surface site, or at least that 
the total number of surface atoms and active sites are directly proportional [56], 
The structure insensitivity of nickel surfaces for CO hydrogenation is well 
documented [15. 24. 30. 57-61. 62] for a variety of both supported catalysts and single 
cry stals. There has been less agreement among researchers studying other Group VTII 
metals, with evidence for cry stallite size, metal loading (and thus dispersion) and support 
effects [13. 63-64]. More recently, however, several studies on Fe. Co. Ni. Mo. Ru and Rh 
[62-69] have shown that pure, well-reduced catalysts can yield rates which are independent 
of dispersion and surface structure. For example. Kelley and Goodman [62] found \ er\-
similar rates and activation energies for methanation over the Ru( 110) single cry stal and the 
Ru(00n basal plane, which have quite dissimilar structures. 
Therefore, if it assumed that findings which suggest CO hydrogenation to be structure 
insensitive are extended to include ruthenium catalysts such as those in this study, the only 
further consideration required to allow for comparison of specific rates is accurate 
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determination of the metal dispersion of these catalysts. For this reason, dispersion values 
were obtained from an optimized Hi chemisorption technique, as described in the Section 4. 
3.5.2 Adsorption Sensitivity 
Although the term structure sensitivity is usually used in reference to the sensitivit>' of 
surface reactions to surface structure, adsorption processes have also been shovvn to be 
structure sensitive. Since adsorption and dissociation on a surface atom are strongly 
dependent on the electronic environment of the atom, and this environment is strongly 
affected by neighboring atoms, it is not surprising that sites with different coordination 
exhibit different adsorption characteristics. For example. Bemasek [70] has reported that 
hydrogen adsorption and dissociation occur more efficiently at low coordination sites on 
platinum. 
3.6 Bimetallic Ruthenium Catalysts 
The utility of ruthenium as a constituent in FTS catalysts is evident in the unique 
characteristics of bimetallic catalysts containing ruthenium and another metal. Several 
patents have been granted for Co-Ru [71-73] and Re-Ru [74] commercial catalysts, and there 
have been many studies on Os-Ru and Fe-Ru systems (see discussion in [13]). Mori [75] 
reported increased CO dissociation rates during FTS upon addition of V or Mo to alumina 
supported Ru. Enomoto [76] noted suppression of CH4 formation with V added to Ru/AUO^ 
More recently, researchers in Russia have examined an alumina-supported Co-Ru catalyst for 
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CO hydrogenation [18], and Kintaichi and coworkers [77] examined silica-supported Ir-Ru 
catalysts to produce C: oxygenates via CO hydrogenation. 
An important and interesting phenomenon in heterogeneous catalysis is the 
synergistic effect often observed upon addition of Group IB metals (Cu, Ag and Au) to 
transition metal catalysts. While the added metal may not interact directly with the adsorbed 
species during reaction, their effect on reaction cataKtic behavior is often more than the sum 
of the individual contributions of the two metals. Thus, the Group IB metal apparently 
affects the activity of the transition metal without necessarily directly taking place in the 
reaction itself. 
A considerable amount of research has been conducted on Cu-Ru catalysts [45. 50, 
78-98], but less is known about Ag-Ru [46. 51. 76. 88, 96. 99-100] and Au-Ru [44. 101] 
catalysts. In general, the addition of Cu to Ru catalysts for CO hydrogenation dramatically 
decreases the activity [78, 84, 88-90], changes the product selectivity [78, 89, 90], and 
sometimes shows an increase in activation energy [88. 89]. In most of these studies. 
ensemble effects were ruled out as a source of the synergistic activity. 
The Ag-Ru bimetallic system is of particular interest in CO hydrogenation studies due 
to the fact that that silver does not appreciably adsorb either hydrogen or carbon monoxide 
[102] and thus does not take part in surface reactions. In addition, hydrogen adsorbed on 
ruthenium does not spill over to silver. It is also advantageous to utilize the fact that Ag 
atoms preferentially occupy certain locations in bimetallic ruthenium particles. Monte-Carlo 
simulations of Group IB-Ru systems conducted by our group [88. 100] reveal that Cu. Ag 
and Au atoms migrate to the surface of bimetallic particles, tend to cluster with like atoms, 
and preferentially occupy low-coordination edge, comer and other "defect-like" sites. Figure 
1 [ 100] shows the results of several simulations which demonstrate this behavior. In contrast 
to systems like Pt-Rh (top row), which exhibit random mixing of platinum atoms (light 
spheres) with rhodium atoms (dark spheres) at all loadings, bimetallic systems such as Cu-
Ru(bottom row) exhibit strong segregation of copper atoms (dark spheres) from ruthenium 
5% Cu-Ru 10%Cu-Ru 15%Cu-Ru 
Figure I. Monte-Carlo atomistic simulation of bimetallic particles (Strohi and tCing 
1989) 
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atoms {light spheres). The Group IB atoms segregate in three ways; they tend to migrate out 
of the bulk to locations on the catalyst surface, they tend to group together with other IB 
atoms, and they preferentially occupy low-coordination edge and comer sites. In .A.g-Ru 
bimetallic systems, nearly complete occupation of these sites occurs at Ag contents below 20 
atomic % (total metal) [88]. Ensemble effects in Ag-Ru catalysts are also not believed to be 
operative, as Ag does not break up ensembles in Ru [96. 100. 103]. Electronic etfects. which 
may affect the vacant d orbitals in Ru. are also not believed to be present [48. 99]. Therefore, 
other mechanisms which explain the behavior of .A.g-Ru catalysts must be investigated. 
4. TECHNIQUES 
4.1 Preadsorbed CO Reaction Techniques 
For this study, carbon monoxide is preadsorbed onto the catalyst surface prior to 
reaction. In this way. a surface initially saturated with CO is achieved, and upon exposure to 
hydrogen gas at reaction temperatures, the initial rate of methane formation is a measure of 
the surface activity. This method has several important advantages over steady-state or 
coadsorption techniques: 
1. since CO and Hi are not simultaneously adsorbing, the effects from CO/H^ 
coadsorption mentioned earlier are not present; 
2. the influence of CO adsorption is removed from the kinetic analysis; 
3. since the surface is not resupplied with CO. the product distribution consists 
solely of methane, and the rate analysis is simplified; 
4. the partial pressures of products are small, and thus their desorption does 
not enter into the kinetic analysis; 
5. deactivating etTects common in steady-state reaction techniques are not 
present under these conditions; and 
6. a secondary' result of the experiment is that the surface carbon is quantitatively 
analyzed by way of hydrogen titration as long as the reaction is dri\ en to 
completion. 
The generalized chemical equation for this process may be represented as: 
\{-C0 ^ Hi CH, + HjO 
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The rate measured this way is done so without exact knowledge of which step in the reaction 
mechanism it represents. This is important to the analysis of data when it is possible that the 
rate-limiting process may be changing upon addition of Ag to the Ru catalyst, as will be 
discussed later. 
This technique has been successftilly applied by several other researchers. Dwyer 
[33] and Sexton [34] conducted hydrogenation studies over Rh. Fe and Ni by predepositing 
CO via the Boudouard reaction, evacuation and subsequent hydrogenation. Rabo [31 ] and 
Wentreck [32] utilized hydrogen titration to calculate the amount of surface carbon present 
on Co. Ni. Ru and Pd from the amount of CH4 formed during hydrogenation. Biloen [30] 
utilized an isotopic method to dissociatively adsorb '^CO, followed by reaction with CO/H2 
mixtures. Biloen and Sachtler [3] reviewed hydrogenation of preadsorbed CO in detail, and 
Goodwin et. al. [25] recently studied methanation over Ru/SiO^. noting that such studies are 
directly relevant to hydrogenation reactions because the rate-limiting steps, usually 
hydrogenation of surface carbon species, are the same. .A.lso. similar temperature-
programmed surface reaction (TPSR) methanation studies where preadsorbed CO is reacted 
with hydrogen have been conducted by many researchers, and the results have been found to 
correlate well with steady-state experiments (see. for e.xample. [104]). 
Finally, the following guidelines [56] recommended for reproducible rate 
measurements were used: 
I. under ±e experimental conditions used in this study, the CO conversion was 
low during the steady-state portion of the experiment (typically less than 5%): 
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2. mass and heat transfer limitations were found to be present only at higher 
temperatures, and when these limitations were evident, the data was not used 
in further kinetic analysis; 
3. catalyst deactivation was monitored by tracking total methane formation through a 
calibration factor for each experiment with a given catalyst sample: 
4. specific rates are reported as turnover frequencies. TOF (also known as turnover 
rate. TOR) in units of moles CH4 formed per mole active site (surface Ru atom) 
per second: and 
5. the widest possible temperature range was utilized. 
4.2 Catalyst Preparation 
Silica-supported ruthenium catalysts containing 4% (by weight) ruthenium metal 
were prepared from solutions of 1.5% ruthenium nitrosyl nitrate (Strem Chemicals). The 
incipient wetness preparation technique was used by impregnating Cab-O-Sil silica (BET 
surface area 300 m'^g) with the ruthenium solution to form a slurry, which was allowed to 
dry at room temperature overnight and then at 383 K for two hours. The Ru-.A.g bimetallic 
catalysts, containing 3. 10. 20 and 30% (atomic percent of total metal) silver metal, were 
prepared by coimpregnation of AgN03 with the ruthenium solution. The ruthenium loading 
in the bimetallics remained at 4 wt.%. The catalyst samples were then washed with hot 
deionized water to remove sodium and chlorine contamination. In most cases, the same 
catalyst samples that were used in previous microcalorimetry smdies were used in this study. 
For the 'H-NMR experiments, a catalyst sample prepared for an ezu-lier study [105] was used. 
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4.3 Dispersion VIeasurements 
All catalyst dispersions were measured by hydrogen chemisorption using a custom-
built adsorption apparatus described previously [49], An optimized volumetric technique 
from Uner [48] was used for the chemisorption e.xperiments. .After reduction, the catalyst 
sample was cooled to 335 K and exposed to successive doses of hydrogen for 10 minutes at 
pressures from 10 to 100 torr. Two isotherms, for total and weakly bound hydrogen, are 
obtained. The weakly bound hydrogen isotherm is obtained by evacuating the sample for 10 
minutes between doses. By e.xtrapolating the linear portions of these isotherms to 0 torr. the 
amount of strongly bound hydrogen present could be calculated from the ditference in 
intercepts. The catalyst dispersion is then calculated from this quantity. 
For the 'H-NMR experiments, a catalyst sample used in earlier studies [105] was 
used. The dispersion for this catalyst was determined via 'H-NMR. which has been shown to 
correlate well with dispersions obtained from the optimized volumetric technique [48]. 
Dispersion values for the catalyst samples used in this study are presented in Table 1. 
T.\BLE 1. Catalyst sample dispersions 
catalyst volumetric dispersion 
4% Ru/SiO. 0.261 
4% Ru/Sioj (NMR) 0.20" 
3% -Ag-Ru/SiO. 0.258 
10% Ag-Ru/SiO, 0.121 
20% Ag-Ru/SiO. 0.180 
'all catalysts contain 4 weight percent ruthenium; silver content shown are atomic percent of total metal 
'' determined via 'H-NMR 
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4.4 'H-NMR Experimentation 
The nuclear magnetic resonance (NMR) experiments utilized a custom-built 
spectrometer operating at a proton resonance frequency of 250 MHz and utilizing a spin-
temperature inversion pulse technique. This apparatus is the same as that described 
elsewhere [43], except for the addition of a digital PC interface to control pulse programming 
and data signal conversion and acquisition through a Nicloet 430 digitizer. A scan rate of 0.1 
seconds/scan was utilized with 100 scans/average. Between 2 and 10 averages were gathered 
tor each spectra, for a total of 200 to 1000 scans per spectra. A custom Pyrex in siiu probe 
containing a catalyst sample was used for dynamic measurements of hydrogen surface 
coverages on the catalyst surface during reaction with preadsorbed carbon monoxide. 
4.5 Catalvst Pretreatment 
.About 0.25-g of each catalyst was weighed, loaded into a Pyrex reaction cell, and 
reduced in situ by successively exposing the catalyst to one atmosphere of hydrogen in 
successive 30 minute doses for a total of 2 to 3 hours at 673 K. The sample was evacuated 
for 2 to 3 hours at 673 K. and then overnight at room temperature. This procedure was 
conducted between each experimental reaction run. 
Prior to reaction, the catalyst was exposed to 1 atmosphere of CO at room 
temperature for 1 hour. The cell was then evacuated for 30 minutes to remove weakly-bound 
CO. followed by heating to reaction temperatures. 
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4.6 Experimental .Apparatus 
•A. custom glass and stainless steel reaction and adsorption manifold. showTi in Figure 
2. was constructed to conduct the kinetic studies. The manifold was supplied through a 
multiport stream selection vaK e with research-grade hydrogen (Spectra Gases. 
99.9995%)and carbon mono.xide (Matheson. 99.99%) and zero-grade helium (Air Products. 
99.999%). which were further purified with Drierite and molecular sieve gas purifiers 
(Alltech). activated carbon hydrocarbon traps and oxygen traps (Alltech). In addition, the 
hydrogen stream was passed through a liquid nitrogen trap. The manifold was wrapping in 
heating tape and maintained at an elevated temperature to minimize gas adsorption on the 
inner surfaces. .A. Balzers TPH-60 turbomolecular pump, backed by a Welch Duoseal 
mechanical pump, was used for evacuation. Pressures in the manifold were measured with 
Baratron pressure transducers (MKS Instruments). .A custom Pyrex reaction cell, cormected 
to the manifold \ ia L'ltratorr (Cajon) vacuum fittings, was placed inside a custom-built 
furnace cormected to an Omega 6100 temperature controller. .A. type K chrome-alumel 
thermocouple in the furnace provided temperature feedback to the controller for isothermal 
operation. 
TTie sample cell was connected to a custom high-vacuum stainless steel manifold \ ia 
a needle valve and 0.32-mmxl-m nonpolar fused-silica capillary' (Supelco). both of which 
were maintained at an elevated temperature. The manifold contained a UTI lOOC quadrupole 
mass spectrometer probe utilizing an open source ionizer and electron multiplier. It was 
determined that a filament emission current of 0.58 milliamps minimized species 
fragmentation while providing sufficient ionization sensitivity. Using an Omega CN-800 
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temperature controller and type J thermocouples, the manifold was maintained at about 425 
K during experimentation to avoid condensation of sample species, and could be baked-out 
between experiments at 575 K.. A Balzers THS-065 pumping station allowed evacuation of 
the manifold to about 2x 10"^ torr. as measured by a Varian 531 thermocouple gauge and a 
Varian 525 cold cathode gauge. A L'TI SpectraLink interface was used to connect the 
spectrometer to an Hewlett Packard Vectra computer for control and data acquisition using 
Hewlett Packard SpectraSoft software. 
4.7 Experimental Reaction Methods 
After reduction of the catalyst surface and CO adsorption, catalyst samples were 
evacuated at room temperature for 30 minutes. The sample cell was then heated to reaction 
temperature, between 400 K and 525 K. and exposed to 460 torr of hydrogen while 
monitoring the reaction with the spectrometer. Under these conditions, with essentially no 
gas-phase CO present, the only carbon reaction product is CH4. Hence, masses 2 (Hi). 15 
(CH3), 18 (H2O), 28 (CO) and 44 (CO^) were monitored. The fragment mass 15 vvas used to 
monitor CH4 instead of 16 in order to avoid interference from O fragments from H1O and 
CO. Experiments using a pure methane standard showed that this fragment formed in the 
ionizer of the spectrometer in levels directly proportional to the parent mass 16. so that it 
could be used for calibrations. While maintaining the hydrogen pressure at 460 torr. data was 
gathered for about 20 minutes, until the initial linear responses from CH4 and HiO leveled. 
The sample was then heated to 673 K to drive the surface reaction to completion so that the 
total amount of carbon species initially present on the catalyst could be calibrated to the 
spectrometer signals. After reaction, the sample was then reduced in hydrogen, according to 
the procedure outlined above, prior to the next experiment. 
The order of metal loadings for the Ag-Ru bimetallics. as well as the temperatures 
used for each run. was randomized to eliminate any effects of catalyst deactivation or 
hysteresis in the data. In addition, each metal loading and temperature combination was 
reproduced at least once. A detailed listing of the order used in randomizing these 
experimental values is given in the Appendix. 
4.8 Data Analysis 
All spectrometer signals were first corrected for baseline drift occurring during the 
course of each experiment, and then normalized with respect to the Hi signal. Despite the 
rapid initial signal response, the latter was necessary due to the long time required for a 
steady-state signal to be achieved upon admission of Hi to the reaction chamber. It was 
assumed that all the species monitored would require similar time to achieve a steady-state 
signal, and the normalization removed this characteristic from the experimental data. 
Calibration of the methane signal from the spectrometer is done by calculating the 
total area under the methane signal and from knowledge of the C;M ratio of the adsorbed CO 
(Section 3.2) and the catalyst dispersion. This information, coupled with the linear portion of 
the methane response allowed calculation of initial turnover frequencies (TOF) in moles of 
methane formed per mole of surface ruthenium atom per second. The linear portion of each 
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set of data was identified and the slope determined by linear regression. The data points to be 
included in the regression set were selected based on minimization of the standard deviation 
of the regression slope. This slope is directly proportional to the rate for the process under 
examination and is expressed without knowledge of the specific surface processes it 
represents. 
In some cases, anomalous data points were rejected from fiirther kinetic analysis 
based on one or more of the following criteria: 
1. the measured rate constant at a given temperature was found to yield a TOF which 
deviated significantly from an established linear trend over the temperature 
range studied for each sample; 
2. the calibration factor, determined from the total area integration, deviated 
significantly from a constant value which was unique to each catalyst sample: 
and/or 
3. the data point was not reproducible in later experimentation. 
The first condition was found to occur in cases when either too few data points were gathered 
during the steady-state portion of the experiment or when sufficiently isothermal operation 
was not achieved. The second condition was common when an improper emission current 
was used during experimentation or when reduction was incomplete. W'lien these criteria 
required elimination of a suspect data point, the experiment was reconducted until a 
reproducible result was determined. 
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The apparent activation energy for the process under investigation is then calculated 
for each catalyst using an Arrhenius relation and plotting the natural log of the TOF versus 
the inverse absolute temperature and performing a linear regression of the data. 
The 'H-NMR spectra peaks corresponding to adsorbed hydrogen and silica support 
hydroxyl groups were deconvoluted by computer assuming symmetry around the hydroxyl 
peaks. After deconvolution of these peaks, the areas under the hydrogen-on-ruthenium peaks 
where calculated to correlate with the hydrogen uptake by the catalyst. Relative intensities 
for the two types of peaks were calculated by assuming that the hydroxyl group peak height 
remained relatively constant on the time scale of the experiments. This approximation has 
been confirmed in earlier studies by our group. 
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5. RESULTS 
5.1 Results for Ru/Si02 Catalysts 
5.1.1 Preliminary Experimentation 
The mass spectra for several standard gas samples were gathered so that the cracking 
patterns in the spectrometer of the species expected to be formed during reaction could be 
accurately determined. In addition, knowledge of the ionization characteristics of the 
spectrometer is necessary for identification of unknown species. Scans of CO. CH4. C2H4 
and CiHft standard samples are shown in the Appendix. It was found that an emission current 
of 0.58 mA prevented excessi\e fragmentation of most of these species while retaining 
sufficient sensitivity. These spectra are quite similar to those compiled in the literature [106]. 
and so it is expected that the appearance of any unknown species during experimentation can 
be identified through comparison with tabulated spectra. 
Next, the room-temperature CO-deposition process onto the Ru/'Si02 catalyst was 
monitored to e.xamine the mechanism of carbon deposition. One atmosphere of CO was 
exposed to the catalyst while monitoring the gas over the catalyst to detect the presence or 
absence of CO^ formation from disproportionation of CO; no CO^ formation was detected. 
-Also, since the experimental procedure used in this study required heating the catalyst sample 
to reaction temperatures (while under vacuum) after adsorption of CO at room temperature, 
the desorption characteristics of CO were examined to assure that no CO desorbed from the 
surface of the catalyst during this heating period. .At the reaction temperatures used, from 
400 fC to 525 K, no CO desorption was observed during heating from 300 K. which typically 
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required less than ten minutes. In addition, to avoid catalyst deactivation, care was taken that 
the temperature of the catalyst at no time exceeded 675 K. as carbon deposition as graphite is 
reported to occur at 700 K [14]. 
5.1.2 Methanation Reactions 
Scans of the mass spectra taken at several points during reaction reveal that, upon 
exposure to 460 torr of hydrogen, product species were formed with major mass peaks at 
m/e" = 15. 16. 18 and 28 (Figure 3). These peaks were assigned through comparison with 
standard mass spectra tables as follows: 15 - CH,. 16 - CH4 and O. 18 - H^O and 28 - CO. 
Accordingly, when monitoring methane, the mass at 15 was used to avoid interference with 
atomic oxygen at 16. formed from fragmentation of HiO and CO. In addition, m/e' == 2 was 
monitored to obser\ e the response of hydrogen admission to the reaction cell, as well as 
m/e' = 28 and 44 to monitor possible CO desorption and CO^ formation, respectively. 
Figure 4 shows a typical reaction experiment at 423 K where the catalyst sample is 
e.xposed to hydrogen at time zero: figures for other temperatures are given in the Appendix. 
The hv drogen partial pressure is large enough to be considered constant with respect to the 
other species which form and desorb during reaction. Therefore, all mass signals are 
normalized with respect to the hydrogen signal. .As can be seen, methane begins to form 
immediately, and within 30 to 40 seconds, a linear trend is evident in its formation. The 
signals for CO and COt did not change significantly during the course of the experiment, 
evidence that neither hydrogen-assisted CO desorption nor the water-gas shift reaction 
occurred appreciably imder these conditions. Also shown in this figure is the linear 
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regression of the steady-state portion of the data used to calculate the initial rate of methane 
formation. Table 2 summarizes the TOF's resulting from the regression of the raw data for 
each experiment. The statistical regression values used to calculate these rates, and the 
standard errors in these values, are given in the Appendix. 
5.1.3 Kinetic Parameters 
The turnover frequencies, expressed as moles of CH4 per mol Ru surface atom per 
second, for temperatures from 400 K to 474 K from Table 2 are plotted in Figure 5. The 
TOF varies from around 0.0001 to 0.01 over this temperature range. .As can be seen, a nearly 
linear trend is apparent for a lower temperature range, with negative deviations from this 
trend above 450 K. The reasons for this deviation are discussed later. .Accordingly, only the 
data for the three lowest temperatures were used in the kinetic analysis of the Ru SiO; 
T-\BLE 2. Summar>' of kinetic parameters for CO hydrogenation over Ru/SiO^ 
temperature (K) TOF (10"'* mol CH4 /raol Ru, /sec) 
400 0.0949 
400 0.157 
401 0.217 
402 0.0959 
420 0.456 
421 0.796 
421 0.649 
423 0.772 
440 1.88 
443 2.74 
443 1.90 
443 1.76 
473 5.75 
473 6.12 
474 4.27 
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catalyst. 
Figure 6 shows the Arrhenius plot along with the results of a linear regression of the 
lower temperature data. The slope of this line yields an apparent activation energy of 23.2 
kcal/mol. with the linear regression yielding a standeird error of ± 1.7 kcal/mol. 
5.1.4 IH-NMR Experimentation 
Next, the results from these studies were correlated with those for an identical ' H-
NMR study conducted at 400 K. the same temperature at which previous H2 
microcalorimetr\' studies were conducted (higher temperature data will be presented in 
[107]). During the course of the reaction, two R'Hu resonances, corresponding to weakly 
adsorbed hydrogen, were monitored as the reaction progressed. Figure 7 shows the 
development of these resonance peaks, at approximately -45 ppm and -55 ppm. upon 
exposure of the CO-saturated catalyst to 460 torr of H^. The center resonance peak is due to 
hydroxyl groups on the silica support. 
Figure 8 shows the resulting total H/Ru, (adsorbed hydrogen per surface ruthenium 
atom) as a function of time during reaction at 400 K. .As can be seen from this figure, upon 
exposure of the CO-saturated catalyst to 460 torr of hydrogen gas. the H/Hu^ signal rises 
rapidly at first to a value of about 1. after which adsorption occurs more slowly, .\tter an 
exposure time of 90 minutes, the coverage approaches an asymptotic value of about 2.5 
H/Ru,. 
Figure 9 shows the correlation between the reaction rate and hydrogen adsorption, 
where the time dimension has been removed to correlate the rate of methane formation as a 
function of hydrogen coverage. As this figure shows, the rate increases rapidly to a value of 
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about 1 H/Ru,. and then remains relatively constant tor a short period of time until a value of 
approximately 1.1. after which the rate of methane formation decreases rapidly. 
5.2 Results for Ag-Ru/Si02 Catalysts 
Experiments were repeated for a series of Ag-Ru/SiO^ bimetallic catalysts with silver 
contents of 3. 10. 20 and 30 atomic percent (of total metal content). Table 3 summarizes the 
kinetic parameters for these catalysts. See the Appendix for graphic representation of the 
data from which these parameters were calculated. Note that in some of these figures, lower 
temperature data is omitted for clarity'. Figure 10 shows the dramatic effect the addition of 
silver has on the formation of methane. .As little as 3% Ag causes the formation of methane 
to slow significantly, with additional Ag having a less pronounced effect. In addition, as 
discussed below, the temperature dependence of this rate was also shown to decrease. 
5.2.1 \iethanaiion Reactions 
The decrease in the rate of methane formation is present at all temperatures studied, as 
shown in Figure 11. where the monometallic data is included for comparison. The TOF's for 
the 3% and 10% Ag catalysts showed little difference from one another, but were both about 
80% lower than in the monometallic case. Further addition of 20 to 30% Ag resulted in rates 
that were about 95% lower than the monometallic catalyst. 
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J. 2.2 Kinetic Parameters 
Figure 12 shows the effect of Ag addition on the apparent activation energy for 
methane formation. From this figure, it is apparent that the net effect is to lower the 
activation energy from its initial value of about 23 kcal/mol to about 18 kcal/mol. The 
activation energies for 3. 10. 20 and 30% .A.g are all approximately constant within 
experimental error. .As this figure shows, the effect is complete at silver contents as low as 
TABLE 3. Summary- of kinetic parameters for CO hydrogenation over .A.g-Ru;Si02 
catalyst temperature TOF (10 ^  moi CH4 /mol Ru, /sec) 
3% Ag-Ru/SiOi 402 0.0302 
423 0.0973 
446 0.222 
473 0.727 
501 1.697 
502 3.553 
10% .Ag-Ru/SiOn 400 0.0203 
425 0.136 
445 0.354 
472 1.31 
503 1.61 
523 3.91 
20% Ag-Ru/SiOi 424 0.00867 
430 0.0203 
445 0.0424 
445 0.0397 
474 0.167 
476 0.114 
500 0.321 
30% Ag-Ru/SiO, 401 0.00785 
425 0.0368 
444 0.0975 
445 0.0801 
475 0.393 
501 0.934 
500 0.818 
3 0  
28 
26 
2 4  
22 
20 
18 
1 6  
1 4  
1 2  
10 
23 2  
18.0 
17 6  
18 8 I 18 7  
16  7  
0  5  1 0  1 5  2 0  
silver content  (atomic %) 
I'lTccl ofsilvcr addition on apparent activation energy 
2 5  3 0  3 5  
3%. and no significant change in the activation energy occurs upon fiirther Ag addition. The 
error bars in this figure represent the standard deviation in the activation energy obtained 
from a linear regression of the experimental data in Table 2 and Table 3. 
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6. DISCUSSION OF RESULTS 
6.1 Discussion of Results for Ru/SiO^ Catalysts 
6.1.1 Preliminary Experimentation 
During the room-temperature CO-deposition process onto the Ru/SiO^ catalyst, 
formation of CO^ vvas not detected. If. under the conditions of the adsorption process (I atm. 
298 K), atomic carbon is deposited via the Boudouard reaction, then one would expect to 
detect CO-, formation upon exposure to CO. Conversely, if the CO adsorbs molecularlv' on 
the catalyst surface, then no CO^ would be expected to form. In addition, the formation of 
water upon exposure of the catalyst to hydrogen requires the presence of adsorbed oxygen. 
For these reasons, it is assumed that the CO adsorbed on the catalyst in this study does so 
without loss of the oxygen. Early studies by Rabo [ 108] also did not detect CO 
disproportionation to CO2 during room temperature adsorption of CO over silica-supported 
Ru. This study also noted that no reaction took place upon exposure of this chemisorbed CO 
to hydrogen gas at room temperature. .As mentioned previously, such low temperature 
adsorption on ruthenium is believed to be molecular and not dissociative, resulting in a 
metal-to-CO ratio of 1:1. It is possible that dissociation of the molecularh" adsorbed CO ma\ 
occur upon heating of the catalyst surface to reaction temperatures prior to exposure to 
hydrogen. However, since this dissociation would require formation of metal-oxygen bonds 
on a surface already saturated with chemisorbed CO. dissociation would require desorption 
of CO as metal-carbon bonds are broken in favor of metal-o.xygen bonds. As desorption of 
CO during heating was not obsen ed. it is assumed that the metal to carbon ratio remained at 
unity'. Duncan [109] and Mizushima [110] both reported that CO desorption from supported 
Ru catalysts does not occur until about 573 K. while Yamada and Tamaru [41] report CO 
desorption from Ru single crystal surfaces at 480 K.. 
Deactivation of the Ru surface through irreversible atomic carbon deposition was not 
found to occur to a detectable degree imder the conditions of these experiments, as evident 
from the relatively constant calibration factor values obtained for each experiment. The 
calibration factors are equal to the integrated area under the total methane (mass 
spectrometer) signal for each experiment as the reaction is driven to completion, and this area 
is directly proportional to the total amount of methane formed. Had appreciable deacti\ ation 
been occurring through the course of the experiments, less and less methane would be formed 
with each successive experiment, and one would expect to see a change in the calibration 
factors to lower \-alues. 
6.1.2 .VIethanalion Reactions 
The turnover frequencies obtained in this study are similar to those obtained by others 
in steady-state experiments, as shov\Ti in Table 4 [15. 24. 111-113]. where the maximum TOF 
for this study is listed for comparison with the higher temperatures of other studies. The 
deviation from linearity in the TOF at high temperatures is likely due to diffusion effects 
interfering with the spectrometer response at these temperatures, limiting the maximum 
measurable TOF in this system to around 0.01 s"'. Fortunately, these are the highest rates 
monitored during the course of this research, since the addition of other metals to Ru results 
in significantly lower TOF values. 
6.1.3 Kinetic Parameters 
The value of the activation energy. 23.2 kcal/mole. is also in good agreement with the 
steady-state results of others. Since the rate-determining step in the mechanism of CO 
hydrogenation is the hydrogenation of surface carbon species, the adsorption of CO does not 
atTect kinetic results. Therefore, comparison of results from steady-state studies and 
experiments which utilize preadsorbed CO is justified. 
6.1.4 IH-NMR Experimentation 
Previous studies by our group have identified three hydrogen-on-ruthenium 
resonances in 'H-NMR adsorption studies [44]. They have been labeled and described as: a,, 
strongly bound, low pressure hydrogen (-60 ppm); as,, weakly bound, low pressure 
hydrogen: and p. weakly bound, high pressure hydrogen. The a,, and p resonance peaks 
occur at shifts of about -60 ppm. -55 ppm and -45 ppm. respectively. The two resonance 
peaks found in Figure 7 appear to correspond to the weakly bound a^, and P hydrogen 
TABLE 4. Comparison of kinetic parameters for methanation over supported Ru 
author support temp (K) pressure (atm) Eg (kcal/moi) CH4 TOF 
(raol /site /s) 
Delia Betta [111] AI2O3 473 -610 o776 24 0.020 (548 K) 
Vannice[15] .'M.O, 478-503 1.0 24.2± 1.2 0.181 (548 K) 
Vannice[113] SiO, 478-503 1.0 27.0 0.068 (548 K) 
Ekerdt[112] SiO^ 465-550 - 24.1 0.130 (548 K) 
Goodwin [24] SiO^ 510-540 0.76 19.5 0.013 (510 K) 
this study SiO. 400-500 0.61 23.2 ± 1.8 0.010 (500 K) 
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species. These two hydrogen species are known to exchange rapidly with the gas phase, and 
the p species is thought to be an absorptive precursor to the a species, and is thus partially 
associated with gas phase hydrogen [44], 
The asymptotic hydrogen coverage of 2.5 H/Ru, in Figure 9 has been confirmed by 
previous studies on this catalyst [43] in the absence of adsorbed CO. and by unpublished 
work by our group during reaction with preadsorbed CO. Direct comparison of this data w ith 
that from CO-free adsorption studies is justified since it has been shown that the surface 
carbon is nearly completely depleted after 30 minutes. For this reason, the higher coverage 
data in this figure represents hydrogen adsorption on a surface with verv" little CO present. 
If e.xperimental condiuons are such that few unoccupied sites exist on the catalyst at 
any given time, and that any products formed rapidly desorb. then ^ I - Oi-{ and equation 
3 simplifies to: 
This equation is consistent with the data in Figure 9. which shows a symmetric increase and 
decrease in the rate about a central coverage of hydrogen. The first and second derivatives of 
equat ion (13)  show that  the  maximum rate  should  occur  a t  0/^=0.5 .  However ,  s ince  0 
represents relative coverages, it's value is limited between 0 and I. while H/Ru^ is not 
limited, and varies from 0 to 2.5 under these conditions. If it is assumed that an H/Ru>; 
coverage of 2.5 corresponds approximately to (9//= 1. then the rate should ma.\imize at 
H/Ru, = 1.25. which is not far from the observed value of 1.1. Therefore, it appears that the 
kinetic derivations presented earlier are supported by these NMR results. 
(13) 
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6.2 Discussion of Results for Ag-Ru/Si02 Catalysts 
6.2.1 Methanation Reactions 
The background information previously presented on bimetallic Group IB-Ru 
catalysts stressed the dramatic effect addition of the Group IB metal has on the catalyiic 
behavior of transition metals, and this effect is well represented in Figure 10. Previous CO 
hydrogenation studies on silica-supported Group IB-Ru catalysts by our group [88] also 
reported large decreases in activity for the Ag-Ru series, with the TOF for CO consumption 
decreasing rapidly up to a Ag content of 20 %. .\i higher Ag loadings, only marginal 
decreases were evident. Our Monte-Carlo simulations of Ag-Ru catalysts indicate that this 
loading corresponds to nearly complete occupation of all low-coordination sites by .-Xg. 
Table 5 compares these results with those of previous similar studies. .Although this 
table shows wide variations in the measured effect of .\g addition on reaction rates, the 
general trend of a strong reduction in the specific activity of Ru is same in all cases, even at 
Ag loadings as low as 10%. To the author's knowledge, no activation energy measurements 
for CO hydrogenation have previously been made on •A.g-Ru catalysts for comparison. 
TABLE 5. Rate decreases during CO hydrogenation upon addition of Ag to Ru catalysts 
author support temperature pressure Ag content TOF change 
Enomoto [76] AI2O3 493 K 0.66 aim 50 % -76 
Kelzenberg [88] SiO, 523 K ll.Oatm 13% -18%'* 
30 % -58 %•• 
this study SiOi 473 K 0.61 aim 10% -76%^' 
30 % -93 %" 
•* for CO consumption 
'' for CH4 formation 
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6.2.2 Kinetic Parameters 
The observed decrease in apparent activation energy for CO hydrogenation upon 
addition of Ag to Ru/SiO; in Figure 12 can be interpreted as follows. The reaction rate for 
methane production in this system is given by equation (6): 
rate = ~^CO^CO 
\  + ~ +KcoPco 
(6) 
Since CO adsorption is ver\' strong. Kco's quite large, and KcoPco » / ~ (KhPhj' -• 
rate ^ 
KI^hPH) 
^cqPCO 
1 / 2  
(14) 
The form of this equation is quite similar to those of other researchers presented earlier in 
equations (1) and (2), where the reaction orders are frequently positive with respect to 
hydrogen and negative with respect to carbon monoxide. 
The equilibrium constants for adsorption are given by: 
IRT 
Combination of equation (12) and substitution (14) into equation (13) yields: 
(15) 
rate = 
ek 'T  P^-
h Pr, 
exp 
CO 
^S°]  
R 
exp 
RT 
( 1 6 )  
Substitution of the thermodynamic relation AG = ATI - TAS gives the final result: 
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rate = ek 'T  Pl f~  
h Pr 
exp 
CO R 
exp 
1 \fj^Z \fJ^O 
2^ads  ~^cjc is  (17) 
This equation shows that the observed activation energy. Ea.ohs- obtained experimentally 
from an Arrhenius relation of the form; 
, ^a.ohs , In rate = 1- In c 
RT 
is related to the heat of hydrogen adsorption by [27]: 
( 1 8 )  
rCO (19) 
In effect, equation (19) shows that in a system where the kinetics of a rapid surface reaction 
are being slowed due to decreased reactant adsorption rates (manifested in an increase in the 
adsorption enthalpy of the reactants). the observed activation energy will be less than in the 
previous case (since adsorption is exothermic) [26-27], While necessary for accuracy, the 
enthalpy term for CO adsorption in this expression is constant in this study since it is 
preadsorbed prior to reaction. Figure 13. adapted from Moulijn [27]. is a graphical 
representation of this equation, where the CO adsorption enthalpy does not enter into the 
description. 
Since the variables in these equations are all dependent upon hydrogen coverage, it is 
important to note that variables such as AHads niore accurately written as dHads- since 
they represent differential values over a given range of coverages. However, for simplicity, 
the integral representation for the variables will continue to be used. Comparison of 
equations (17) and (18) to yield equation (19) requires that the entropy terms are either 
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FIGURE 13. Differences in observed activation energy for a surface reaction (a) 
without adsorption influences and (b) with adsorption influences. 
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approximately constant within the temperature range considered, or at least that these terms 
are small enough in magnitude compared to the activation energy and enthalpy to be 
considered constant. The exponential temperature dependence of the enthalpy term will 
obviously be larger than the entropy term, which does not contain a temperature factor, apart 
from its own temperature dependence. The second requirement is generally true for such 
systems, and for hydrogen adsorption on the catalysts in this study. AHads ranges between -5 
and -95 kJ/mol. while •^ads ranges from -20 to -170 J/mol K [99]. 
Microcalorimetr>' data gathered by our group on these catalysts, reproduced in Figure 
14 [99], shows that the differential heat of adsorption for hydrogen on the Ru and Ag-Ru 
catalysts at 400 K decreases with increasing hydrogen coverage and .A.g content. The 'H-
NMR results for the monometallic catalyst presented earlier indicate that the steady-state 
coverage at 400 K is between 1.0 and 1.1 H/Ru,. This also corresponds to a differential heat 
of adsorption of approximately -50 kJ/mol. Except for ver\' low (initial) coverages, the 
adsorption enthalpy is higher at all coverages on the bimetallic catalysts. Since the presence 
of silver acts to increase the heat of adsorption of hydrogen, this figure shows that adsorption 
enthalpies greater than -50 kJ/mol (the monometallic case) correspond to hydrogen coverages 
between 0.25 and 0.60 H/Ru, before the enthalpy becomes negligible. 
Clearly, the amount of hydrogen available on the surface for reaction is strongly 
reduced in the presence of silver, from about 1.1 H/Ru^ for Ru/'SiOi to between 0.25 and 0.60 
H/Ru, in the Ag-Ru series. This corresponds to an increase in the differential heat of 
adsorption for hydrogen from about -50 kJ/mol in the monometallic case to between -10 and 
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-40 kJ/mol in the bimetallic series. This behavior is reflected in changes in the integral 
adsorption enthalpies for these catalysts. The microcalorimetric studies by our group [99] 
revealed a net increase in the integral heat of hydrogen adsorption upon addition of .Ag to 
Ru/Si02. 
These results may shed further light on reported differences in the kinetics of CO 
hydrogenation between Ag-Ru and Cu-Ru systems. While pre\ ious measurements of 
activation energies during CO hydrogenation have not been conducted on .Ag-Ru catalysts, 
the results of this study clearly indicate an apparent decrease in the observed activation 
energy at all levels of Ag loading. However, previous studies of Cu-Ru systems have 
reported either no change in activation energy [78. 90] or slight increases [88. 89]. In both 
systems, large decreases in specific Ru activity have been reported. The apparent disparity in 
measured activation energies between these two systems may be accounted for by ditTerences 
in hydrogen adsorption characteristics of these systems. While neither .Ag or Cu adsorbs 
hydrogen appreciably, spillover of hydrogen from Ru is knov\-n to occur for Cu [79]. but not 
for .Ag [51], While the e.xact effects of this difference have not yet been completely 
elucidated, the 'H-NMR study of Wu [51] showed that Cu interacts with Ru more strongly 
that Ag. with less Cu than Ag being required to cover the same fraction of surface Ru. Chen 
[80] description of Cu as acting as a "holding area" for hydrogen spillover to accommodate 
CO hydrogenation to CH^ species supports the obser\'ation of increased CH4 seiecti\-it\- b\' 
Cu during CO hydrogenation [78. 89. 90]. 
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7. PORTAL SITE MEDIATED H\T)ROGEN ADSORPTION 
The observed decrease in the specific activity of Ru in Ag-Ru systems in this study 
may be explained in terms of a phenomenon termed "portal site mediated adsorption" by our 
group [99. 114]. Figure 15 is a schematic of the operative surface processes in this model. 
.According to the model, hydrogen adsorption occurs via two pathways. The first involves 
rapid, dissociative adsorption at low-coordination sites to produce weakly-bound, highly 
mobile hydrogen. Similar adsorption and dissociation behavior has been shown to be more 
dissociative 
"portal" 
adsorption 
rapid 
weakly 
bound 
H 
migration 
(rapid) 
H 
migration 
(rapid) s 
spillover 
to support 
recombination 
and desorption 
non-"portal" 
dissociative 
adsorption 
Figure 15. Portal site mediated adsorption of hydrogen 
65 
efficient at low-coordination sites on platinum [70], The second pathway is adsorption 
directly onto the basal planes, which occurs at an intrinsically slower rate [76], Since the 
weakly-bound hydrogen adsorbed at low-coordination sites is highly mobile, it can then 
either; (1) migrate to strongly-bound states. (2) spillover to the support, or (3) recombine 
with another hydrogen atom and desorb. 
In the presence of adsorbed CO. the portal sites serv e as "sinks" for gaseous 
hydrogen, supplying weakly-bound, mobile surface hydrogen for reaction. When .Ag 
occupies portal sites, it effectively closes the portals to hydrogen adsorption. Hydrogen must 
then adsorb directly onto the basal planes, a process which, as mentioned, occurs more 
slowly. Recombination and desorption of hydrogen, which is not affected to a large extent 
by the occupation of low coordination sites by Ag. continues simultaneously. The net etfect 
is a slowing of methane production due to decreased availability of surface hydrogen, in 
effect altering the limiting kinetics of the overall process from surface reaction to adsorption 
of hydrogen. 
Recent microcalorimetric studies on the adsorption of hydrogen onto silica-supported 
Ru and .A.g-Ru catalysts by our group [99] support this model. In these studies. Narayan 
noted the following effects on addition of Ag to Ru catalysts: 
1. no significant change in the initial heat of hydrogen adsorption. 90 to 95 
kJ/mol (Figure 14); 
2. the total amount of hydrogen adsorbed per ruthenium surface atom was 
significantly reduced (Figure 14); 
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3. the reduction in adsorbed hydrogen was coupled with a loss in weak and 
intermediate hydrogen adsorption states, between 40 and 60 kJ/mol (Figure 16): 
and 
4. no significant change in the amount of strongly-adsorbed hydrogen states 
above 80 kJ/moI (Figure 16). 
The fact that the initial heat of adsorption for these both types of catalysts are essentially the 
same suggests the absence of electronic ("ligand"). ensemble or segregation effects w hich 
directly affect the chemisorptive bond or adsorption site. Other studies by our group using 
'H-NMR support the lack of electronic [46] or ensemble [88. 96. 100. 103] effects in Ag-Ru 
systems. This suggests that either low coordination sites do not have significantly different 
heats of adsorption, or that there are too few of these sites to resolve them in 
microcalorimetr\' [99], 
Since it is known that .A.g atoms preferentially occupy low-coordination edge and 
comer sites in .A.g-Ru/SiO; catalysts, the observed loss of low to intermediate adsorption 
states is coupled with the loss of low-coordination sites for hydrogen adsorption on these 
surfaces. Several possibilities exist to explain this obser% ation: 
1. electronic effects: 
2. blocking or other geometric site alterations: or 
3. changes in the kinetics of hydrogen adsorption. 
.A.S previously discussed, electronic effects are not considered to be operative in this system. 
Although Ag blocks low coordination sites, these sites would each have to accommodate 10 
to 20 hydrogen atoms to account for the large losses of hydrogen obser\ ed [99]. In addition, 
this second possibility is unlikely due to the previously mentioned high mobility of hydrogen 
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under these conditions. The third alternative is accounted for by the portal site mediated 
adsorption model. Under this model, any weakly-bound hydrogen that is able to adsorb 
either migrates to strongly-bound states, spills over to the support, or recombines and 
desorbs. The simultaneous recombination and desorption of surface hydrogen takes place at 
relative rates, according to the adsorption states of the two atoms combining: 
weak-weak > weak-strong > strong-strong 
Thus, the strongly-bound hydrogen remains on the surface longer and accumulates. 
Hovvever, since the replentification of weakly-bound surface hydrogen at portal sites is being 
blocked by Ag in the bimetallic system, the net effect is a depopulation of weakly-bound 
states, as evident in Figure 16. 
This view is supported by results of recent studies using H-NMR. which showed the 
rates of hydrogen adsorption being dramatically lowered on bimetallic catalysts [115] and 
decreases in measured hydrogen sticking coefficients on .A.g-Ru [93]. In addition, the fact 
that the microcalorimetr\' results clearly show an increase in the average heat of adsorption of 
hydrogen on these catalysts suppons the observ ations of previous reaction studies by our 
group. These studies [96. 103] showed a decrease in the order of reaction of hydrogen from -
1.5 to -2.5 upon addition of .A,g to Ag-Ru/SiOi during ethane hydrogenolysis. an effect which 
is the same as if the heat of adsorption of hydrogen was greater on the bimetallic catalyst 
[99]. See Kumar [116] for a more lengthy discussion of the application of the portal site 
adsorption model to ethane hydrogenolysis. 
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8. SUMMARY AND CONCLUSIONS 
TTiis report outlines work that has been conducted in order to gain insight into the 
processes occurring on a molecular level on the surface of supported ruthenium and silver-
ruthenium bimetallic catalysts during the hydrogenation of carbon monoxide. The results 
presented here contlrm the findings of others that: 
1. the hydrogenation of carbon monoxide over ruthenium catalysts takes place with 
an activation energy of approximately 24 kcal/mol; 
2. in situ 'H-NMR measurements of hydrogen surface coverages during reaction 
support the accepted model of surface reaction-limited kinetics during CO 
hydrogenation: and 
3. the addition of silver to ruthenium dramatically affects the specific activity ot the 
catalyst, even though silver does not adsorb either reactant. 
In addition, this study presents the following previously unreported findings: 
1. addition of as little as 3% Ag to Ru/SiO^ lowers the apparent activation energy 
to about 18 kcal/mol; 
2. the presence of silver inhibits the kinetics of hydrogen adsorption, and thus atfects 
the kinetics of the surface reaction, accounting for observed decreases in ruthenium 
activity; 
3. the kinetics of hydrogen adsorption is structure-sensitive, occurring more rapidly at 
low-coordination sites; and 
4. the portal site mediated adsorption model accurately describes the results of the 
present study and those of others. 
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Besides partially explaining the differences in observ ations of Ag-Ru and Cu-Ag 
adsorption studies, the implications of this study may also help resolve controversy 
surrounding the inconsistent results of reaction surface sensitivity studies examining CO 
hydrogenation. While the catalytic hydrogenation of CO may indeed be structure insensitive, 
the fact that this study suggests that the adsorption of hydrogen is structure sensitive may 
explain the inconsistency of experimental results where hydrogen adsorption is assumed to be 
at equilibrium and occurring much more rapidly that the surface reaction. In fact, this study 
shows that, under certain circumstances, adsorption effects may affect the kinetics of surface 
reactions and thus responsible for apparent surface reaction sensitivity. Finally, the general 
model of portal site mediated adsorption can be extended to include reaction sy stems other 
than the hydrogenation of CO. such as ethane hydrogenolysis where the effects on adsorption 
equilibrium kinetics may be different. 
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APPENDIX 
Nomenclature 
a reaction order of hydrogen 
P reaction order of carbon monoxide 
AG ° Gibbs free energy difference between transition stale and ground state 
AH° enthalpy difference between transition state and ground state 
zlS" entropy difference between transition state and ground state 
AGads Gibbs free energy of adsorption 
AH ads heat of adsorption 
ASads entropy of adsorption 
d surface coverage 
a hydrogen molecularity of rate determining step 
h carbon monoxide molecularity of rate determining step 
c arbitrary constant 
Ci hydrogen surface coverage constant for /th term of mechanism 
di carbon monoxide surface coverage constant for zth term of mechanism 
Ea activation energy 
Ea.obs observ ed, or apparent, activation energy 
h Planck's constant, 6.624x 10'"^ erg-s 
/ step / of a mechanism 
k rate constant 
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k' Boltzmann's constant. 1.3805x 10"'^ erg/'molecule-K 
K" pseudo equilibrium constant between ground and transition states 
kharner number of transition state molecules reacting per unit time 
Kh hydrogen equilibrium constant 
Ki equilibrium constant of step / in a mechanism 
n total number of steps in a mechanism 
P partial pressure 
r rate of reaction 
R universal gas constant, 8.314 J/mol-K 
T absolute temperature. K 
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Table 6. Experimental design 
experiment catalyst temperature (K) 
1 4% Ru/SiO. 473 
2 ' 400 
3 443 
4 443 
5 423 
6 400 
7 473 
8 423 
9 3% Ag-Ru/SiO. 473 
10 423 
11 400 
12 443 
13 423 
14 473 
15 400 
16 443 
17 30% Ag-RuySiO, 400 
18 ' 443 
19 473 
20 423 
21 500 
22 443 
23 400 
24 443 
25 500 
26 423 
27 4% Ru/SiO, 500 
28 ' 500 
29 400 
30 473 
31 423 
32 443 
33 400 
34 443 
35 423 
36 3% Ag-Ru/SiO. 423 
37 473 
38 443 
39 500 
40 400 
Table 6. (continued) 
experiment catalyst temperature (K) 
41 3% Ag-Ru/SiO^ 423 
42 400 
43 500 
44 10% Ag-Ru/SiOi 500 
45 423 
46 473 
47 400 
48 443 
49 500 
50 443 
51 400 
52 443 
53 473 
54 523 
55 20% Ag-Ru/SiO: 500 
56 473 
57 443 
58 523 
59 423 
60 500 
61 443 
62 473 
63 423 
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Table 7. Statistical analysis of Ru/SiOi rate data 
temperature (K) slope calibration factor TOF" 
400 0.0486 10.2 0.0949 
400 0.0877 11.2 0.157 
401 0.105 9.63 0.217 
402 0.0493 10.3 0.0959 
420 0.251 10.9 0.456 
421 0.435 10.9 0.796 
421 0.356 11 0.649 
423 0.462 12 0.772 
440 1.09 11.5 1.88 
443 1.59 11.6 2.74 
443 1.06 11.2 1.90 
443 1.00 11.3 1.76 
^ ( 1 0 " ^  m o l  C H j  / m o l  R u ,  / s e c )  
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Table 8. Statistical analysis of Ag-Ru/Si02 rate data 
catalyst temperature (K) slope calibration TOF" activation 
factor energy'' 
3% Ag 402 0.178 63.7 0.0302 17.6 -r/- 1.2 
423 0.402 57.5 0.0973 
446 1 ~tn 110 0.222 
473 3.12 85.9 0.727 
501 11.7 138 1.70 
502 5.39 30.3 3.55 
10% Ag 400 0.00533 5.26 0.0203 16.7-/- 1.7 
425 0.0238 3.5 0.136 
445 0.0767 4.33 0.354 
472 0.169 2.57 1.31 
503 0.316 3.91 1.61 
523 0.397 2.02 3.91 
20% Ag 424 0.00637 14.7 0.00867 18.8 -/- 1.5 
430 0.0132 12.9 0.0203 
445 0.0253 11.9 0.0424 
445 0.0188 9.47 0.0397 
474 0.0685 8.18 0.167 
476 0.107 18.7 0.114 
500 0.143 8.92 0.321 
30% Ag 401 0.00434 11.1 0.00785 18.7 w-0.6 
425 0.0206 11.2 0.0368 
444 0.0552 11.3 0.0975 
445 0.0251 6.27 0.0801 
475 0.147 7.51 0.393 
500 0.421 10.3 0.818 
501 0.478 10.2 0.934 
•*(10'^ mol CH, .mol Ru, sec) 
""kcal/mol 
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